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TECHNICAL NOTE 2703

ELECTRICAL TECB%tQUES F@ COMPENS.M!IONw ‘I!MRMAL

TIME LAG OF TBERMOCOUEW3S AND RESISTANCE

TBERMCMETER ImmlENTs

By Charles E. Shepard and Isidore Warshaws@
.

Basic electrical networks are described that compensate ror the
thermal time lag of themnocouple and resistance thernmneter elements .
used in ctiustion research and in the control of jet power plants.
The measurement or the detection of rapid temperate changes by use of
such elements can the~eb~ be improved.

For a given set of operating conditims, networks requiring no
ampMfiers can provide a thirtyfold reduction in effective time lag.
This improvement is obtained without attenuation of the voltage signal
but results in.a large reduction in the amount of electric power avail-
able because of sm increase in the output impedmce of the network.
Networks using comercialdy available smpMfiers can provide a thousand-
fold reduction h the effective time lag without attenuation of the
alternating voltage signal or of the avaihble electric power, but the
improvement is often obtained at the expense of loss of the zero-
frequency signal. The completeness of compensation is Hmitedby the
exbent of off-design operation required.

INTRODUCTION

The control of jet engines and the fundamental study of the ,dynamic
ccnibustionphenmmna associated with such power plants involve the meas-
urement of fluctuating gas temperatures. When a thermocouple or resist-
ance thermometer is used as the primary element for such temperature
measurements, the thermal lag of the element, caused by slow rate of
heat transfer between the element and the surrounding gas, limits the
ability of the elanent to follow such fluctuations. The thermal lag i-s
such that, as the frequency of the fluctuations increases, the smpMtude
of the fluctuations indicated by the element decreases and also lags h
the behind the true tmrperature. Sometimes it is possible to use a
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primary element of sufficiently small size to achieve adequately rapid
response. In many cases, however, such small elements have insufficient
mechanical stren@h and inadequate service Mfe, so that larger elements
with appreciable lag must be employed.

N

Since the output of the primary element is an electric voltage,
electrical networks can be used to compensate for the time lag and the
reduction in response smpJ_itudeand thereby to permit measurement of
rapidly changing temperatures with improved fide~ty. Compensation of
this type, generally involrhg specially designed amplifiers, has been
the basis of hot-wire anemcmetry for exsmple, references 1 to 3).

iSuch compensation is also provide by the equalizing networks used in
communication en@neering.

Some basic networks that can be used individually or in combina-
tions to cmpensate for the th+ lag of the primary electric ther-
mometer elements used h jet engine operation are described herein. In
those combhations which include amplifiers, the smpHfiers are of a
semi-intistrialtype, available commercially, and capable of extended
use without adjustment or service.

.

W general, the cdnpensating network is designed to correct for a
given amount of primary-element thermal lag which can be described by
a characteristic “time constant” of the element. The magnitude of this
the constant is a function of the mechanical design of the element and
of the aerodynamic conditions in which the element is used (reference 4).
Since the compensation employed is generally correct for only one set
of aerodynamic conditicms, the effects upon the performance of the com-
pensated system of deviations frmu the design point must be considered.
If the time constant of the primary element has been determined experi-
mentally at one set of aerodynamic conditions, it is generally possible
to ccmpute the time constant at other sets of aerodynamic conditions
and then to a@st the electrical compensating system for the new set
of conditions.

The nature of the response of the basic prfmary element and the
principles of electrical lag compensationwill first be reviewed herein.
Then, titer introduction of the operational terminology of the “transfer
function,” several basic types of cmqensator circuit, both alone and
in combinationwith simplifiers,will be exanined in detail. The next
section wilJ consider the effects of off-designoperation on performance.
Finally, the performance of two specific assedlies of apparatus wild.
be described and their particular fields of usefulness indicated.

In the presentation of compensating circuits, two basic forms of r.

compensator, the resistance-capacitance (RC) and the resistance-tiuctance
(RL) types, will first be described, together with one simplification of
the RC type, the clifferentiating type. These compensators suffer from

——. .——. — — . . -. .- — ——.._ ________ ._. . .
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a deficiency in that the hrprovement in effective time constant (and
therefore in frequency response) is achieved only at the expense of a
corresponding attenuation of signal. The addition of an amplifier can
correct for this attenuation. The ampldfier introduces noise that tends
to mask the signal; however, the additim of a transformer as a pre-
ampMfier permits attainment of a mme favorable signal-to-noise ratio.
A feedback ampkifier c~’be designed to conbine the functions of ampl3.-
fier and compensator. Finally, there willbe described another basic
type of compensating network, the transformer type, that ccmbines the
functions of noise-free s@Xlifier and of compensator:

The analysis and results presented herein constitute a portion of
a temperature measurements rese~ch program being conducted at the NACA
Lewis laboratory.

TIME LAG CcwENsAToR NETWORKS

Response of Primary Element

Differential equation of prtiry-element response. - If a thermo-
couple or a resistance thermometer element is subjected to a changing
gas temperature To(t), the time rate of change d!l~dt of the element

temperature Tl(t) is proportional to the temperature difference

(T. - Tl). This maybe expressed (reference 4) as

T1 (dT~dt) =To - T1 or T1

where the factor of proportionality T1~

(~~dt) + Tl = To (1)

the “time constant,” is charac-

teristic of the element, of the gas properties, and of the gas flow
conditions. The value of the time constant completely defines the
response of the element temperature to a changing gas temperature.
(~ syaibolsused herein are defined in appendix A.)

Response to two simple types of gas temperature chmge. - The
response characteristics of the primary element are visualized most
s&l.y by reference to figure 1, which describes the response to two
types of input change: .

(a) The curve of figure l(a) shows that h response to a sudden
“step change” AT() in gas temperature, the apprcach of the element

temperature to its new value is along an exp~ential cue and covers
63 percent, 86 percent, 95 percent, and 98 percent of the interval AT.

b the Tl, 2T1, 3T1, =d 4Tl, respectively.

. . . . . . ..—...- .—. — ..-—- .-. .—... —..—— - —. —----- —— ------- .----— —-.——— .- —--
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(b) In response to a steady sinusoidal variaticm in gas temperature
of amplitude To and angular frequency m, the temperature of the pri-

mary element wiU osci~te tith reduced aqplitude ml and wilJ lag in

phase and time, as shown in figure l(b).

The value of the anplitude ratio ~lflo iS sh~. ti fi~e 1(c)

as a function of the angular frequency (D. when 0= l/Tl~ the sa@i-
tude ratio has dropped to l/~. It is customary to term the response
“flat” to the point where u = l/?l and to term this point the “Mmit”

of response, or the ‘cut-off point.”

Curves of time lag and phase lag are shown in figure l(d) as a
function of ~r frequency. When- m = l/?l, the ttie

and the phase lag is 45°. The the lag is mibstantia13y

for O?l < 1.

Response in terms of voltage. - The output emf el

~ iS YcT~4

equal to ?1

from a thermo-

couple or from a resistance-thermometerb-ridgec= be represented as
being-proportional to the &Mf erence between the temperature T1 of

the primary element and scam reference temperature ~ such that

el = Q(T1 - TR) (2)

For a thermocouple, TR is the “cold-junction”temperature; for a resist-

ance thermometer, TR is the “reference resistor” temperature. Iu the

case of the thermocouple, Q is the thermoelectricpower; in the case of
the resistance thermometer, Q is the product of the temperature coeffi-
cient of resistance of the thermometer element, the voltage applied to
the bridge, and a
antes.

A fictitious

would be produced

dimensionlessfunction of the bridge circuit resist-

by a

Substituting equations

e. wiJlbe defined as the equivalent emf that

primary element at a temperature To I

e. = Q(TO - TR) (3)

(2) and (3) into eqwtion (1) yields

Tl (de~dt) + el = e. (4)

. ...— -— -———. . . . . ——— .-——. .—.-—. .—— ...-— —
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Principles of Electrical Lag Compensation

Electrical lag ccnnpensationcould be produced if an electrical
network were found that could perform upon the pr~y element output
signal el the operations described by the left side of equation (4).

The result so obtained would be the voltage eo representative of the

true gas temperature.

A network that apprmdmates the desired operations is shown ti-
figure 2(a). Suitable choice of the elements R and C can produce a -
current through R proportional to the time derivative of input vol-
tage; suitable choice of ~ can produce an additional direct current

through R proportional to the input voltage; by proper choice of the
constants of proportionality, the total current then flowing through R,
and therefore the voltage across R, can be made approximately propor-
tional to eo, as given by eqwtion (4).

A second network that appro-tes the desired operation is shown
in figure 2(b). Suitable choice of the elements R) RLj ~d L c=

produce a voltage across L approximately proportional to the time
derivative of input voltage and a voltage across RL proportional to

the input voltage; by proper choice of the constants of proportionality,
the sum of the voltages across L ad RL can be made approximately C

proportional to eo, as given by equation (4).

A third network that approximates the desired operations is shown
in figure 2(c). Suita31e choice of the elements %, Ll, and N can

produce a primary current approdmately proportimal to input voltage
and a secondary emf proportional to the time derivative of primary
curren’tand therefore to the the derivative of input voltage. With c
suitable choice of circuit comtants, the autotransformer connection
can then prduce the summation reqtired by eqpation (4).

h order to establish a mathematical basis for such compensating
methods ad for more compiex refinements of the basic principles and to
define the
concept of

limits of approximation, it
the transfer function.

Operational Terminolo~ and

is convenient to introduce the

the Transfer-Function

Operational temiinology. - The response of the simple system repre-
sented by equation (1) to an appMed temperature To(t) of arbitrary

form is given by

. . ... . . . . ... . ,_. .._. —.— ---- . . . .. .. .. -—--- ..-. —---- . . . . . ... . . ... .. .- .-—. .-. —..._-. . . ....
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.

where c is a constant determined by the initial value of T1. How-

ever, it is more convenient for purposes of discussion to present the
solution in a syaibolicform wherein the syribol p replaces the dif-
ferential operator d( )/dt of equation (l). Then the solution of
eqpations (1) and (4) can be indicatedby

el

It canbe shown that, as long

(5)

1
=—-TO “
1 + Tp

(6a)

1
‘l+TIYeo

(6b)

as p is multiplied only by constants,
it maybe treated as an algebraic quantity where p represents

d( )/dt, p2 represents d2( )/dt2, l/p represents J-( )dt, and SO

forth (reference 5). The usefulness of this method of representation
is revealedby noting that (1) linear differential.equations of more
complex form than eqiation (1) can be solved by the operational methods
of Heaviside or Laplace, where the appropriate operator replaces p;
and (2) that when e. is represented as a Fourier series

e. =Q(T - To)=&~s~(~-en) (7)

the solution of such differential equations is obtained in cmplex
representationby formally replacing p by jo (references 5 to 7).
The amplitude ratio, the the-lag, and the phase lag, at each angular
frequency m, are then readily derivable. For the primary element with
characteristic @venby equaticm (6) and fiput eo @~enby eq~-

tion (7), the response el is

where

‘Yn= tsi-l (mT1)

(8a)

(ah)

co
a)
N-1
N

—— — ——— ..— —.. —_______ ___ ._ . .
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In order to take advantage of the convenience afforded by the
operational terminology, all systems treated in this reyort wild.he .
assumed linear.

Definition of transfer function. - The tiensionless ratio o? the
output quantity (expressed as a function of p) divided by the input
quantity (also expressed as a function of p) is defined as the transfer
function Y(p) of a system obeying a linear differential equation.
From equation (6) the transfer function of the primary elemen% is

r

The advantages of
as electrical networks

expressing the characteristics of systempsuch
by means of transfer functions are

(.) The equivalent transfer function, and hence the response
characteristics, of a system cwosed of several elements csn be
obtained from the transfer functi~ of the individual elements by
simple algebraic methods.

(b) The response of a system having a transfer function Y(p) to

an hrpressed sinusoidal voltage R sin (mt-q$ is ~E sin (mt-cp)]Y(jm),

where ju has been substituted for the operator p.

Transfer function of cascaded system. - When several elements G
joined in cascade as in figure 3(a), that is, when the output of one
element is fed into the input of the adjscent element, the resultant
trsmsfer fmlction is the product of the transfer functions of the indi-
vidual elanents. If this product is a constant, one transfer function
is said to be the inverse of the others.

As an example, if the primary element output el given by equa-

tion (fi) is applied to an electric network whose transfer function is

Y4(P) = (llAdc)(l+T~P) (lo)

.

where NC is a constant (representingthe attenuation at zero fre-

quency), the resultant product yl(P) y4(P) ~~ be equal to l/~c,.

and the .output e4 will be proportional to the fictitious emf e. and

hence to the applied temperature To. Therefore, at all frequencies at

which changes h To ~Y OCCUrJ

e~ = (l/Adc)eo

.

(I-1)

,
_____ . ... . .... ... .. . . . ..-. — -.. .— --- -—.
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.

Networks that have transfer functions tiverse to the primary ele-
ment over a limited frequency range will.be described under Compensating
Circuits. These networks, in their working region, have the transfer
function of equaticm (10).

.
T&nsfer function of additive system. - If the outputs of several

networks which have a canmon input are added as shown in figure 3(b),
the resultant transfer function is equal to the sum of the transfer
functions of the individual networks.

Combination of cascaded and additive - & an example, the
~systems.

arrangement of networks shown in figure 3(c), with the transfer functions
of the various networks as shown in the figure, yields an output emf e2

equal to the input emf eo.

{
Compensating Circuits

Terminology. - b following paragraphs, various compensating systems
willbe treated. These systems w3JJ generally consist of basic cczn-
ponents conveniently designated transformers, smpkifiers, compensators,
and so on. The terminology is clarified by the block tiagrsm of fig-
ure 4 which shows the most ccmmmn ccmibinationof components and the sub-
scripts assigned to the components, to the potential differences at
their terminals, and to the constants by which they are characterized.
h this figure, the term “compensator” has been assigned to that com-
ponent the chief function of which is to correct for the reduction in
response smp~tude of the primary element with increasing frequency of
the applied temperature variation. Uhless specificaJJy indicated other-
wise, the terminology of figure 4 will apply to material presented in
subse~ent paragraphs of this discussion of compensating circuits.

A compensating system (includ3ng one consisting of a single conk
ponent) wiJJ be characterized chiefl.yby two parameters: The frequency-
response improvement factor F is equal to the ratio of the u~er cut-
off frequency of the compensated system to the upper cut-off frequency
of the uncompensated prq element; the over-all gain factor G is
equal to the ratio of the voltage output of the system (as it appears
at the detector input terminals) in the region of flat frequency response
to the equivalent electric input signal e. to the primary element.

RCand RLc ompensating circuits without amplifier. - Two basic net-
works which approximate the characteristic definedby equqtion (10) are
shown ti’figures 2(a) and 2(b). The transfer function of these compen-
sators h the idealized case of negligible source ~edance and load
admittance is

.

..—..————— ...-— ——..— . .— _ . .—.
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Y4(P)

where T4 and r are defined

shown in figure 2(d). For the

time constsnt T4 is equal to

9

()

1+T@

:-
=- (12a)

in figure 2. The value of lY4(jaJ)l is

condition 74 = Tl, where t“hecompensator

the primary element time cons@nt Tl,—
the product Y4(P) Yl(p), which describes the performance of a system

consisting of the primary element plus compensator in cascade, is

()YJP) Y1(P) =* “* (13)

This equation represents a linear first-order system, with the effective
time constant reduced by a factor of r from the value of T1 for the
primary element alone. For this,idealized system, F = r and G A l/r.
The system has the following additional characteristics:

(a) The response to a steady sinusoidal input EO s“inmt is a sine

wave of amplitude go
/[r F==@ and phase lag tan-l (mT~r) .

This response is shown in figures 5(a) and 5(b). The range of “flat”
response is etiended by a factor F = r over that of a shple primary
element. The attenuation of a zero frequency signal is NC = l/G = r.

(b) The smount r by which the frequency response can be improved
is limited by the smount of smplitude attenuation that can be tolerated.

(c) The response to an hpressed step change of magnitude AeO is

described by an exponential curve having a time constsmt T~r and a

madtude of chsmge Aeo/r (fig. 5(c)). Consequently, the hprovement

in time constant is accomplished at the expense of a corresponding
reduction in amplitude Ae4 of the output signal.

(d) Themaxhmmn value of lxhneconstant which can be compensated is
determined by the components of the compensator. For the compensator
of figure 2(a), the RC network, the maximum value of WC offers no

practical Mmd.tation in the applications generally encountered. In the
case of the RL network of figure 2(b), the maximmn possible value

‘/RL,min of the time constant (where RL,ti is the resistance of the

tiductor) is usually a function of the weight of the inductor. For com-
mercially available inductors, a value of L/RL,ti of 0.05 second is

typical for a weight of 1 pound and the the constant ticreases approxi-
mately as the square root of the weight of the inductor.

. . . . . . .. . .-. —-.-—-. .. ...+.__ ___ .. ____ .- —— —.. -.— . ..— ——“ .. —.- —. —-—-. . . . . . .. —-
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(e) The output @edance of the network varies with frequency. For
the RC network of figure 2(a), the output impedance has a maximum value
of approximately R at zero frequency and approaches the resistance of
the prhnary element at very high frequencies. The output impedance of
the RL network of figure 2(b) has a mimbmxn value of approximately RL

at zero frequency and approaches R at very high frequencies.
h~
G

Effect of loafing on RC smd RL compensators. - The transfer func- OJ

tion given in equation
m

(12) is derived for the conditions of a source
of negligible impedance and a load of negMgible admittance. If a com-
pensator of the type of figure 2(a) or of figure 2(b) is connected to a
source of resistance Ru and to a load of resistance RA (fig. 6), the

effect is to change the form of the transfer function. Although the
value of T4 is unchanged in all cases, the factor by which the d-c.
signal is attenuated is no longer equal to r, nor does r any longer
represent the factor by which the frequency response is extended when
the cummensator is connectedto a primary element of time cons&nt
T1 = T4: Under the condition of

load resistance, the gain factor
primsry element

quency response
is

willbe denoted

iS *~dea-

Y4(p) =

n&zero-source resistance and finite

of
G4

be

G4

the ccmibinationof compensator and
and the factor by which the fre-

denoted F4. The trsasfer function

w

(m)

as compared with equation {12a) for
the quantities (1/G4) and F4 are @ven h table I. The effect of

the idealized case. The changes in

adding a source resistance Ra and a load resistance RA may be sum-

marized as follows:

(a) For the RC compensator of figure 6(a), the effect of keeping
R. = O andmaldng Rx finite is to decrease G4 and to increase F4

in the ssme proportion. The effect of keeping RA infinite and making

Ra> O is to decrease both G4 and F4.

(b) For the RL compensator of figure 6(b), the effect of keeping
RU . 0 and making RA finite is to decrease both G4 and F4. The

effect of keeping RA infmte =d~ Ru> O is to decrease G4

and to increase F4 in the same proportion.

‘{c) The -cait-fiedeffect for both the RC and the RL compensators of . “
~ Ra> O and RA finite is to decrease both G4 and the product

“ F4G4, so that the attenwti~ iS ~creased~thout a Proportio~te

.ticrease in frequency response
between G4 ~d F4 ~e> for

improvement factor. The relations
the RC compensator,

—.—.—. —.—————- - -. .—- — —
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where

For the RL compensator, -

where

l+pc
.F4. —

G4 + Pc

Ra

‘c=%

(14)

(15)

RC differentiating circuit used a6 compensator. - A simplified
case of the RC compensator of figurq 2(a) is obtained when the capacitor
shunt resistor Rc is infinite. -Theresulting transfer function is

T4tp

, Y4(p) =
1+ T4’P

(16)

where T4° = RC. This network is usually lamwn”as a differentiating cir-

cuit since the Mfferatiating ~ction is performed for the range of
frequencies h wfich 0T,4’< 1. This network is also effective in com-

pensating for the response of a primary element in the high-frequency
region where UT1> 1, provided that 7’4’ is chosen so that mT4’ < 1.

It willbe noted that T4’ is no longer chosen equal to T1. The

ticrease in the upper frequency limit is F = T~T4T and this factor

also describes the reduction l/G in signal amplitude for the operating
range. The differentiating circuit widl not pass the average value of
the signal and therefore is useful only for measuring the alternating
components of the gas temperature in the frequency range

($)-(*)
RC ad RL compensating circuits with amp~iers. - The compensating

circuits Just described are defective in that, although the effective
time constant is reduced by
correspondingly extended by

a factor F (and the frequency range is
the same factor), the amplitude of any.

. . ..—. . ..-. ... —--- . .
.’

-- —. —-— -__. .— —___ . . . .. . . . . .. _____ ______
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applied signal is
greater than F.
amplifier. If an

NACA TN 2703

“

attenuated by a factor l/G that is equal to or
This defect can be remedied by the addition of an
ampMfier the transfer function of which is Y3(P)

is adildto the circuit after the primary element, as in figure 7, the
resultant transfer function of the system will be eqti to the product
Y4(p) Y3(p) Yl(p). The response of the system is described for
several possible conditions:

(a) If the ampMfier is a distortionless d-c. amplifier (that is,
one which has a flat frequency response and linear phase shift from
zero frequency up to the maxhum frequency where ~ompensation is to be
achieved), the effects of the amp13fier are an increase in the signal
voltage equal to the voltage amplification factor 1.L3of the amplifier,

a constant s~t in time, and the introduction of a certain noise vol-
tage. The magnitude of the the shift is negligible inmost practical
applications involving temperature measurement; the problem of noise
is discussed in the secticm Amplifier noise.- The transfer function of,
the smplifier-compensatorcombination is

For this

(b)
at which
~ = ~,b

systm, F =

l+T@

Y*(P) Y3(P) (17)= V3G4 -

F4 and G-= W3G4.

E the amplifier has a M@-frequency cut-off Pofit (the Po~*
the amplification factor is reducedby a factor l/fl) at

such that

P3
Y3(P) “- (18)

where 1.L3is the voltage gain in the region of flat response, then for

the condition T4 = Tl, the frequentlyresponse of the system correspond-

ing to the transfer function Y4(P) Y3(P) Y1(P) MS the awear~ce

shown in figures 8(a) and 8(b). When ~3,b = F&4, the M@-frequ~cY

cut-off point is reduced to 64 percent of the value for ~3,b = =. The

response of the system to a step change is shown in figure 8(c). The
effective the constsnt, which will be defined as the timerequired for
the output to reach 63 percent of the total change forma step input, is
approhtely equal to TJF4 + l/@3,b= Correspondingly,the approxi-

( 1 )
-1

mate value of F is ~+
F T4%,b

and the value of G remains

,,

.—. .——-.—— ————— -— —.— ——— . . ..
.
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(c) If the amplifier has a low-frequency cut-off point at ~,a

(the point at which the amplification factor is reduced by a factor

l/@) such that
, .

Y3(P) =
+l+P ~,a

(19)

where W3 is the voltage gain in the region of flat response, then for

the conditicm T4 = T1 the frequency response of the system, corres-

ponding to the transfer function Y4(P) Y3(P) Yl(p), has the appear-

ance of figures 9(a) and 9(b). For a step change, since the system
does not pass the average value of the signal, the output ultimately
drops to zero, as shown in figure 9(c). Figure
mum value attdned in response to a step change
this maximum value for various values of & ..,
F = F4 and G = p3G4.

(d) If the aqlifier has both low-
trmsfer function is

V3P/a3 a
Y3(P) ‘x

9(d) describes the maxi-
and the time to reach
For this system,

and high-frequency cut-off, its

*
(20)

and its frequency response is a composite of the responses shown in
figures 8(a), 8(b), 9(a), and 9(b).

ti the circuit shown in figure 7, the signal applied to the am@-
fier varies widely in amplitude as the frequency changes, and an impor-
tant requirement imposed on any of the shple amplifiers considered is
that the amplification factor remaih constant over the range of ampli-
fier input voltages de13veredby the primary element throughout the
usable frequency band. Thusj M compensation is tobe obtained up to
a frequency that is 1000 times the cut-off frequency of the uncompen-
sated primary element, the amplifier must provide constant gaii W3

over a 1000 to 1 input voltage rsmge. If it is found that the smpli-
fier cannot operate over the required range of imput voltage, the posi-
tions of the compensator and the amplifier can be titerchanged as shown
in figure 10. This arrangement results in a constant input voltage
amplitude at a much lower level. However, such an alternate arrangement
often aggravates the problems of noise and of impedance matching.

It iS often desirable to utilize a-c. amplifiers rather tb d-c.
amplifiers in order to gain advantages in freedom from drift. Tn such
cases, response down to zero frequency may be retainedby use of one of
the techniques described later.
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Amplifier noise. - If a vacuum-tube amplifier has its input ter-
minals connected to an external source, which can be represented by a
zero-impedance generator in series with an external hpedance, and if
the external source emf 3s reduced to zero, a cati mdom voltage
will nevertheless exist at the output terminals of the amplifier. In
the temperature measuring circuits considered, this voltage, called the
noise voltage, is caused almost entirely by the vacuum tubes of the
first stage since the thermal-agitation noise (Johnson noise) of
the low @edance prtmsxy element is generally.of negligible mag-
nitude, and since hum pickup in the leads and co~onents can gen-
erally be reduced to negligible proportions by the use of twisted
leads snd careful electrostatic and’magnetic shielding. The tube-noise
voltage is made up of components of a very large range of frequencies,
is proportional to the square root of the frequency pass band of the
smplAfier, and is therefore reduced by Umiting the pass band.

The noise voltage E3,~ which exists at the amplifier output can

be referred to the input by dividing by the wq?lifier gain 1.L3.This

fictitious voltage E2,N is called the equivalent input noise voltage

of the smplifier. The noise also appears at the compensator output as
a voltage E4,N. For the RC or RL compensator previously considered,

E4,N is less than E3,N since the compensator always attenuates the

signal, with greater attenuation at the lower frequencies. The actual
magnitude of E4,N wSU therefore depend on the frequency spectrum of

the noise, on the response characteristicsof the compensator, and on
the high-frequency cut-off point of the system. we ratio of the root-
mean-square value EOG of the signal voltage a~earing at the output

of the compensator to the root-mean-squsrevalue E4,N of the noise

voltage is called the signal-to-noiseratio U4● ~e smallest allowable

signal-to-noiseratio depends on the application. A signal-to-noise
ratio of 3 is often.adequate.

The amplifier noise voltage, the smallest allowable signal-to-noise
ratio, and the amount by which it is desired to extend the frequency
response determhe the minmm signaI- Eo,~ that canbe detected,

correspondingto a temperature sensibility (smallest detectable signal)
TO,*, in conformancewith the relation between F and G and the .

relation

‘4 I?U4
Eo,ti = ~ (Zla)

Since the cmupensator extension of the frequency range by a factor F
is associated with a corresponding attenuation l/G of the signal from
the prs element, the fnput noise voltage of the smplifier limits the
frequency bandwidth possible for a given minimum signal.

.

— —. .— .— ——— .—.— _.q. ... —. ..
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1,

For an RC or RL type compensator
low output resistance and-a very
(21a) can be written

connected betwe& an,amplifier of
high resistance,load, equa-

.
E4,N~4FEojti = = E2,N~4FF3

+ (21b)

Transformer used as preamp~ier. - The restriction imposed by
equation (21) seriously limits the baud width ttit can be achieved by
‘tfieuse of ckrci~ available amplifiers, which have a rather hi&
input noise level. If the application permits, the.band width can be
exknded considerably by the use of a high quality step-up transformer
to ticrease the voltage level of the signal without a corresponding
increase in noise (fig. U). The ~rovement is generally accmpMshed
at the expense of loss of the d-c. response (unless special techniques
described in a-later section are employed); the effect is the same as
that shown in figure 9 for an-amplifier with low-frequency cut-off.

A voltage gain up to 140 is attainable with commercially available
transformers. The minimum signal EO,~ that can be detected is given

by equation (21a), and for the RC or RL type compensator can be written

E4,N~4F E2 @4F
Eo,fi= —

P2P3 ‘%
(21C)

where p2 is the transformer voltage gain (equal to the ratio of trans-

former output voltage to primary element output emf el) and is equal

to the turns ratio N when the transformer is not appreciably loaded
by the amplifier and the primary element is of negligible resistance.
For illustration, the minimm root-mean-square voltage Eo,~ and the

corresponding temperature sensibility To,* that are obtained at a

signal-to-noiseratio 04 = 3 are given in table II for various values

of frequency-re’sponseimprovement factor F, transformer voltage gain
p2, and noise voltage E2 N.Y

Certain relations must exist between the @peda?ic~s of the prq
element, the transformer, and the amp~fier in order that the hprovq-
ment represented by equation (21c) shall be appreciable. The impedance
of the primary element must be low cmpared with the input impekce
of the amplifier in order to obtain fdl admntage of the insertion of
a trausf&mer having a high turns ratio. The
gain of a transformer connected to its source
derived in appendix B and is given by

general equation for the
and load resistances is

..- .- ------ .. . . . . ..-—---- -— -.. .- --- .. —.- .

.

--- —.-—- --- - -— -–--..,. ... --- .... . . . . .-------- .— -—
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(22a)

For a given @mary element resistance R1 snd a given amplifier input
resistance R3,2J msximum voltage gain will be achieved when a trans-

former is selected hav~ rated prhary and secondary impedances equal.
to R1 and R3,2j respectively. The gain will then be given approxi-

where N is the transformer turns

Fiz’z ‘. (Zzb)

ratio. Conversely, for any given
transformer the voltage gain can betnade to approach N if the primary
element resistance is made low cmpared with the rated primary impedance
of the transformer and if the smplifier input resistance is made large
compared with the rated secondary impedance of the trsmsformer. For
the system shown in figure 11, F = F4 @ G = V2P3G4.

Techniques for maintaining d-c. response. - When an a-c. ampllfier
is used, or when a transformer is used as a presmpldfier to match the
prhary element resistance to the ampklf’ierinput resistance, the

.

resulting loss of d-c. response may be restored by the use of one of the
circuits shown in figure 12. Figure 12(a) shows the combination of a
pti of synchronouschoppers before and after an a-c. amplifier, with
the matching transformer relocated-to a position immediately after the
input chopper. ~ this case, the frequency bandwidth maybe limited
by the chopper frequency used and by any necessary filtering. Fig- .
ure 12(b) shows how the d-c. emf frm a second primary element may be
injected in series with the output frcm the compensator. The circuit
of figure 12(b) involves the application of the additive network theorem
stated earlier.

Negative feedback amplifier. - It is possible to ccmibtiethe ampli-
fier and compensator functions by inserting into the amplifier a feed-
back loop the transfer function p(p) of which is of the same form as
that of theprMary element (fig. 13). Here

,

P(P)

where ~dc is the d-c. feedback

M Bdc is a negative quantity.

back is then givenby (reference

1
= ‘dc 1+T4P (23)

factor. Negative feedback is obtained
.

The gti of the amplifier with feed-

8)

.

.—..—..——— —..- —-.——— ——.. —.________—. . .. . . .. . . .__.._
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(24j
.

N
M
03
P

which iS

where

Equation
comments

The

P3 ‘

‘=(p) = m

equal to

l+T@
Y=(p) = 1.L3Ga~

,

l/G3 = Fw = 1 - ~dcP3

(25) is of the same form as equation (17), and the previous
on response apply.

input voltage to the

eoGm

ampMfier is

(25)

(26)

and therefore, for the condition T~“= Tl, the input is constant over

the frequency rauge O ~ u 5 F~T4 in which compensation is to be
. . achieved. Consequently, this type of amplifier is not required to

operate over a large range of input voltage.

Transformer used as compensator. - The transformer-type compensator
also cadkines the functions of voltage smpld.fier and compensator. The
trauster function of a simple transformer connected to source and load
resistances, as shown in figure 14(a), is derived in appendix B on the
assumption that capacitance and iron loss effects can be neglected. The
transfer function when this transformer is connected as an autotrans-
former, as shown in figure 14(b), is derived h appendix C.

In the idealized case where the source resist~ce is negligible
compared with the trsnsfomer primary circuit resistance aud no current
is drawn frm the transformer secondary, the transfer function of the
autotransformer is

The value of Y34(j0), as a function of frequency, is shown in

figure 2(e). The trausfer function and the response characteristics

(27)

..—. —.. . ..—. —,... _—_ ,...__ ._ -. ___ ._._________ - ———. -—. ---—. ..-——. ——. .
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are of the same form as those of the RC or RL coqmnsators of fig-
ures 2(a) and 2(%) (see fig. 5) except that the output voltage is d
the same magnitude as the input voltage r@sher than being attenuated

,,

by the frequency response improvementt factor. The time cmstsnt T4
is

(28a)

where I?,Ll, and ~ ~are the transformer turns ratio, primary induc-

tance, and primary resistance, respectively. The time constant is
reduced by add3mg external resistance 1$’ in series tith the trans-

former primary.

It is to be noted that the transformer is not being used h the
regbn of its flat frequency response, as in custumary transformer
applications. Instead, the transformer is used below its ncminal ‘low-
frequency cut-off point,” in a region of rising frequency response. This
re@on is deliberately extended by insertion of additimal resist~ce
1$’ until the time constant T4 is equal to the prhsxy time constant

T1. The maxhum the constant that can be compensated for is

(N+I.)L&. Zn the idealized conditicm, the maximum frequency response
.

hqmovement factor obtainable is N+l and the gain is unity.

Effect of loading on transformm-type cmpensator connected to
single pre element. - When the trahsfm”er is connected to a source
resistance R1 and to a load resistance RA, the factors Fw and Gw

are

F= . (N-t-l)(l-w)
(l+ylIT+y$F)

(28b)

and

Gs4=[(.+&)(.+~) +~]-1 (28c)

where u, TIY ~d T2 ,are functions of the circuit resistances and are

giV~ by .

—.. — —- —-. .— .—. —____ -——— ——. .. . . .. _____ -
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,&
m
CD

.

2R1
Tl =

~Rl+RS+RA)

,WT2 = R1+R~+RA

(28d)

(28e)

t (28f)

The time constant T4 is unchanged by variations in source and load

resistances and

The effect
quency response

factor GM in

reta~s the value given by equation (28a).

of a nonzero source resistance is to increase the fre-
improvement factor F= and to decrease the gain

the ssme proportion. The effect of a finite load

resistance is to decrease both ‘FM and ~. The effect of making
RI> O and ~ finite is to decrease both ~ andthe product

F~G~, so that the attenuation is increased without a proportionate

increase in frequency response improvement factor. The requirement
that ,RA~N2(Rl+Rp+~’) imposes a severe limitation on the usefulness

of the transformer-type compensatorbecause the output power available
beccmes very small.

The characteristics of variuus transformers usable as .canpensators
are listed in table III. Table IV gives, for compensators using these
transformers and for various time constants 74, prhary-element resist-

ances RI and load resistances ~, values of f;equency-response

improvement factor F~, the gain factor G=, and the transconductance

gu representing the current through the load resistance per unit

input emfo

Effect of loading on trsmfomner-typ e compensator connectedho two
primary elements. - The attenuation of the primary element output due
to the loading effect of the transformer primary canbe eliadnatedby
using two pr&ry elements connected addi~ivel.y-asshown in figure 14(c).
Two adjacent primary elements of the same time constant are usedto
obtain the following relations:

i

N+l’
’34 = @(Rl+~+~ ‘)

‘1 + R1~+Rs+RA , .

(29a)

.

(z%)

—-——. -—. -., -.—.. ----- _..._. ___ .. .—--- .—-— —.. ______ _______ ._. _._. _______
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(29c)

Table V gives, for various transformers, time constants T4,
prx-element resistances RI and load resistances RN the values of
the frequency-response improvement factor F=, the gain factor GSA,

2
02
CD

and the tra~conduc~ce g34 representing the current through the load
resistance per unit tiput emf.

Swmnary of Compensating Systems

The various types of compensating elapent are sumaarized in
table VI, and their more likely ccmibinationsare summarized in
table VII, under certain idealized conditions noted in the tables. For
various elements, table VI gives the design constants, the transfer
function, the frequency-response amplitude ratio lY(ju)], the lower
frequency I&nit ~, and the upper frequency 13mit ~ (to be coqpared

with the upper frequency Umit l/T1 of the primary element alone).
For various arrangements of elements, table VII gives the resultant
transfer function, the frequency-response amplitude ratio lY(ju$l, the
frequency-response improvement factor F, the lower and u~per frequency
Hmits ~ and ~, and the gas temperature equivalent electric signal

.

Eo,ti that yields a signal-to-noiseratio U4 of umity.

Off-Design Performance

~ the previous sections the response characteristics of various
compensating systems and of their components have been presented prin-
cipally for those design conditions that provide best compensation.
Deviations from these desi~ conditions will%e discu.ssedherein for
some of the simpler systems.

Mismatch between time constsnts of element and compensator. - Since
the value of the ttie coqstant of the primary element is a function of
the velocity and the density (or, equivalently,Mach nuuiberand static
pressure) of the gas stream in which the element is being used (refer-
ence 4), the lmowledge of the the constant is subject to scme uncer-
tainty. ~ addition, it is not always practical to make the necesssry
adjustments in the canpensating system for a changed value of primary
element the constant such as may arise when the element is replaced
or when the operating conditions are altered: h practice, therefore,
a certain smount of mismatch may exist between the primary element the
constant and the the constant setting of the compensator. The effect
of this mismatch is to destroy the flatness of the frequency response

.- —.—— ..-— —— --——--—-——-. -- . .- . —- _
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curve over the
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full normal range of compensation, although the flatness—
may be retained over a limited frequency range. ‘If the.primary element
time constant drops below the compensator time constant, higher fre-
quencies are smptiied more than their normal amount; if the primary
element the constaut rises above the ccmrpensatortime constaut, higher
frequencies are amplified less than their normal amount. An examina-
tion of the transfer function product Yl(p) Y4(p) will provide a

measure of the effects of a mismatch wherein T1 # T4.

For a compensating system (fig. 6) having the transfer function

1+T4P
Y4(P) ‘ G4 ~ (30)

and connected to an element having a time constant Tl, the frequency-

response amplitude ratio lY4(jm) Yl(jm)l iS shown in figme M(a)

for various values of
“:;~;~:~~ ~:stht

assumed equal to unity.
For very large values of F4, the height of the

proportional to the ratio T~T1; the remainder

F4, and for

response to a
initial rapid

of the change

F4G4

step input. ,
rise is

is

describedby a curve that is appro-tely exponential in form with a
time constant T1.

For circuit elements (figs. 13 aud 14) having a transfer function
of the form

l+T4p

Y34(P) = P3GW ~

or

.
the ordinate of figure 15(a) must be multiplied

figure 15(b), by GUF4.

(31)

(32)

by V3GMF4 ~d that of

Effect of ambient terqperatureon transformer-type compensator. - In
certain applications, one of which will be discussed under Exmple 2 of
APPLICATIONS, the average level of the temperature signal frcm the pri-
mary element must be measured accurately with a potentimueter or equiva-
lent indicator of very high input resistance while the same element is
connected to a transformer-type compensator of the autotransformer kind
shown in figure 14(b).

. . . . .. . — --——. ... . . . . .. . ——.- .—— .-.——.—.-.—.— .— _—____ .- -— ——.—— -.. . .—
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There then exists an error in average-value indication because the
thermocouple, of resistance Rl, is loaded by thq resistance S+I$’ “
and because the transform primary resistance ~, being of copper,

-es with the temperate of the transformer. The average correction
to be applied to all indications is then

el’ R1
el -

‘1’ = R@+I&

where

el output emf fran thermocouple

el’ voltage measured by potenthnet er

1$,0 resistance of
ture To

The fractional error

because of a clmnge

(33)

transformer pr&ary at average operating tempera-

Ael’/el’ to be expected in the indication elt

AT2 in the transformer temperature

Aq’ Wp, o
— = % ‘~ (R1+~’+~,o)(~’+~,())el’

is

ii

(34)” ‘ -

where ~ is the temperature coefficient of resistace of F$ at tem-

perature To (~ = O.0022/OF for copper at 68° F).

It is seen that the error is approximatelyproportional to the ele-
ment resistance R1. Therefore it is hportant to keep this resistance

as low as possible by the use of short low-resistance connecting leads.
Table VIII shows the magnitude of error due to transformer temperature
change that might be expected for various values of element resistance
and of time constant setting for various-transformers. The larger
transformers have smaller errors.

APPIZCATIONS

A specific problem of temperature measurement is genersXly treated
by first establishing a tentative set of performmce specifications,

.

such as the sensibility Eo)~ (mhimum signal to be detected) cor-

responding to the desired temperature sensibility To,*, the allowable

—-— -—.————— —---—-— ---—. ——. ———. ._ —____ ______ .- ---- ____ -.— .. . . . ___ _
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signal-to-noiseratio U, and the frequency
cut-off points Ua and @ . Next it must

23

range to be covered (between
be determined whether there

exists a suitable combination of circuit elements, prefcrably as repre-
sented by cmmnerciall.yavailable equipment, that will approach the ten-
tative specifications. Finally, there is the practical engineering
problem of reproducing the ccm%ination selected in appropriate physical
form to meet requirements of ruggedness, freedm frmn maintenance,
ability to operate over a wide range of ambient temperature and of power
supply voltage, long service life, compactness, and low weight. Par- I
titularly severe requirements may force the development of special ampli-
fiers rather than allow the use of stti~d commercial equipment.

If control, as well.as measurement, is to be performed by the
apparatus, the dynamic characteristics of the control elements and of
the process to be controlled, as represented (if they sre linear) by
their respective transfer functions, must also be considered. In such
situations, it is conceivable that it may be not only permissible for
the temperature signal to be overcompensated,but also very desirable.

Although the exact design of a complete c&pensathg system wiM_,
be determinedly all the factors considered in this report, the followi-
ng genersl statements will.aid in the preliminary decision on the most
promising ltie of attack:

(1) In general, the use of a transformer of high-quality, multiple-
shielded, hum-bucking construction wild be a valuable aid in improving

‘1 the signal-to-noiseratio. Unless the transformer is used also as a
canpensator, the hprovement in signal-to-noiseratio is accomplished
at the expense of loss of d-c. res_ponse.

(2) The attainable frequency response @rovement may be limited
by the product of detector sensibility and over-all gain of the system.
.

(3) When an snrplifieris used, the attainable frequency response
may be Mnited by the equivalent input noise of the snqilifier.

)
(4) Transformer-type compensators using typical transformers such

as those listed in table III ‘killnot allow frequency response improve-
ment factors much ~eater than 50.

(5) The potential performance of an RL or a transformer.type com-
pensator may be seriously restricted if the element is called upon to
feed a load resistance that is’low compared with the output hpedance
of the cmnpensator.

(6) The highedt time constant,thatcan be compensated by a
transformer-type compensator is kterminedhy the product of prhnary
time constant and turns ratio a@ $ti;of.theorder of several seconds.

.

. .

.
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(7)
pensator
response

me highest time constant that can be compensated by m RL com-
is of the order of a few tenths of a secon&, the frequency
improvement attainable maybe Mmitedby resonances or other

nonlinearities of the tiductor.“

(8) The highest time constant that can be compensated for and the
frequency response Qrovement attainable are not limited by any
intrinsic qualities of the RC compensator.

Figure 16 shows three types of compensator constructed for use at
the Lewis laboratory.

The following discussion will indicate the performance that may be
expected from two representative combinations of apparatus that lend
themselves, respectively, to (1) the indication of the alternating com-
ponent of a temperature signal (Enmple 1, using an RC compensator);
and (2) the indicati~ of the average value as well as the alternating
component of a temperature signal (Example 2, using a transfomer-type
capensator) . Both exsmples given are characterizedby the fact that
most of the components used are standard commercial ones. Both exam-
ples employ a transformer as a valuable aid in improving the signal-to-
noise ratio. In the first example, the transformer is used to match
the low impedance of the primary element to the higher hpedsmce of the
amplifier, thus raising the signal level; in the second example, the .

transformer is used as a compensator that does not greatly attenuate the
signal as the RC or RL cmnpensators do.

Example 1. -
diagram of figure

G

and the frequeney

table I.

ltromeqyation

signal that can be

or

For the asseniblyof apparatus represented by the block
L?(a)j the over-sXl gain factor is

=lY1(jO) Y2(j0) y3(j~) y4(j~)[ =P2P3G4 (35)

response hrprovement factor is F = F4, as given in

(21a) and the fact that E4,N ~E2,@J3j the minimum

detected is either

‘4,@4 <E2,NU4
Eo,ti = ~–

P2G4
(36a)

(36b)

__-. ——.—. .——. . . . .. .— __ _____ .. —.=— .—..—. . .. . _______ . .. . ... .. .
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whichever of the two equations yields the greater value. Equation (36a)
represents the lhitation imposed by noise; eqpation (36b) represents
the limitation imposedby detector sensibility. In equation (36), the
@ortant gpantities are

EO,G sensibility of electric equivalent of temperature signal

E2,N equivalent input noise voltage of amplifier

04 allowable signal-to-noise ratio at detector

G over-all gain factor

G4 gain factor for combination of primary element and compensator,
as given in table I

5 input voltage sensibility of detector

M transfommr voltage gain, as givenby equation (B5b)

V3 smplifier voltage gain in region

For the group of apparatus shown in
constants apply:

Primary element (thermocouple)

Time constent, Tl, sec . . . . . . . .

Electric resistsace, Rl, ohm . . . .

Thermoelectric power, Q, microvolts/OF

Trsmformer

of flat response

figure 17(b), the

. . . . . .0.0

. . . . . .0..

. ..*.. ● . .

Nominal primary impedance (manufactier’s value), ohms .
Nominal secondary impedance (manufacturer’svalue), ohms
Turnsratio, N. . . . . . . . . . . . . . . . . . . . .
Low-frequency limit fOr 1 db drop in V2

(manufacturer’s value), cps . . . . . . . . . . ... .

folloldng

● ..0 0.1

● .*. 1.0

..** 22

. . . 2.5
● O. 50,000
. . . 140

. . . 20

L~-frequency cut-o~; (based on manufacturer’s low-frequency
-t),~,a, sec ● O “ ● “ ● ● ““ “ “ “ “ “ ““ ““” “ “ 62

High-frequency limit for 1 db change in ~
(manufacturer’s value), cps . . . . . . . . . . . . . . . ● 20,~0~

D-c. resis-ce ofprimarywin~, ~, ohms . . . . . . . . . .

l&xhmnn unbalanced Mrect current for 1.5 db drop in P2

(manufacturer’svalue), fl~. . . . . . . . . . . . . . 5

. . . . . .-—. ... . .-. —.— .—— ——.—— —-..—— ——. . _-— _..___ ... —- .—. -.,_ ——.-— ——_— ._
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.

Compensator: RC type, the cam&ant ?4

Amplifier .

Input impedance, R3,2,0bms. . . . . . . . . . . . . ..O . ~06

Outputhpedance, R3,3,0hms . . . . . . . . . . . . . . . . MOO

Voltage gain in region of flat response, y3 . . . . . . . . ., 100

Low-frequency 13mit for 2 percent drop in P3
(manufacturer’svalue), cps . . . . . . . . . . . . . . . . 10

Low-frequency cut-off (based on manufacturer’s low-frequency
limit), ~,a, see-l . . . . . . . . . . . . . . . . . . . . u

High-frequency limit for 2 percent change in V3
(manufacturer’svalue), cps . . . . . . . . . . . . . . . 100,000

High-frequency cut-off wtth 0.02 microfarad shunt across
ou@ut, for ~ise reduction (@3,b = 31,000), cps . . . . . 5000

Noise level 132,N referred to tiput when output is shunted

by 0.02 microfarad condenser, millivolts. . . . . . . . . . 0.01

Detector (cathode-ray oscilloscope)

33rput@edance, &, ohms.... . . . . . . 0 . . 0 . . ..0061-06

Sensitivity, S5, in= deflection/millivolt . . . . . . . . . . . 0.03
.

SensibiMty, 85, mUlivolt in@ . . . . . . . . . . . . . . . 0.6
.

(The detector sensibility 55 is determined not only by osc~o-

scope charact~istics, such as sharpness d focus and sensitivity,but
also by the method of reading the deflections. The stated sensibility
is based on the fact that the oscilloscopepattern will be photographed
and read to the equivalent of 0.02 in. deflection on the oscifioscope
screen.)

~ this”tabulation of apparatus, all components have been specified

=c@ ‘he c~on=ts R> %) ‘d c ‘f the c~e~at~r” For the
design condition, T1 = T4 = 0.1 second and for a signal-to-noiseratio

= 3, table IX lists the sensibilities Eo,ti ~d To,~(=o,ti/Q) )U4

the sensitivity S, and the upper frequency limit f4,b for vario~

‘ canibinationsof R, ~, and C. The method used to ccmpute the data

in table IX was (a) to assume various values of G4 W to insert these

values into eqwtion (36) for computation of the sensibilities; (b) to
assume various combinations of ~ and C, such that WC = 0.1 second

.

and then, ustng the same values of G4 as in step (a), to compute R

and then F4. frm table I; and (c) to compute
.

.2
IQ
:U

—. .— . . . . . .. ——— . ..
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.
‘4,b ‘q

f4,b = ~fl = —
2YcTl

(37)

(38)

As shown in table IX, the amplifier noise, rather than the detector sen-
sibility, limits the midsaum signal which can be detected.

IN
CN
al

Using the values of S = 1 inch per 100° F, ~ = 100 megohms, .
m

c = 0.001 microfarad, R = 118,000 ohms, and f4,b = 1430 CyCleS yer

seccmd, a minimum signal of 9° F can be detected over a frequency range
, of about 10 to 1400 cycles per second. Figure 17(c) shows the computed
frequency response curves based upon manufacturerts values for the

I transformer and amplifier constants and the comput,edeffect of varia-
tions in the thermocouple ttie constant, T1. Experimental data potits

takento check the computation are also shown in figure 17(c). The “
experimental points show that the manufacturer’s statements of low-
frequency cut-off pofits were consenative. The experimental data were
obtained by using the analog circuit of figure 17(d) to simulate the,
thermocouple.

Stice the resistances of both the primary element and the _@ns-
former primary winding are low (1 smd 0.8 ohm, respectively), the net
d-c. open-circuit output emf @ the thermocouple.circuit must be M.mited
to 8.5 ~volts to avoid exceeding the transformer primary saturation
current. Therefore, for temperature differences exceeding 380° F, a
bucking circuit of the type shown in figure 17(e) would have to be,used
to suppress the average-values of emf. The suppression of excessive
direct current through the transformer primary could also be accom- ,
plished by use of the circuit of figure 17(f). The circuit of fig-
ure 17(f) is usabIe only at higher frequencies where the highest
available size of capacitor can provide an impedance that is low com-
pared with the transfcmmer primary impedance.

The circuits of figures 17(e) and 17(f) wouldbe equally appli-
cable if the primary element were a t~erature-sensitive resistor$
such as a straight length of wire with current and potential leads.

\

The insertion of a l-ohm resistsmce in series with the primary ele-
ment would also serve to limit the transformer primary current at the
expense of a loss in gain and a moderate increase in the lower cut-off
frequency.

Example 2. - For the assaibly of apparatus representedby the block
diagram of figure 18(a), the time constant, frequency respcmse @rove-
ment factor, and over-ti gain factor are givenby equation (28).

. . . . ..— -. —... .... —..-— ..—- . ..- .—------ .. ...-..+ —.-— .Z -..--—.-.—.—-— — -----
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Since noise due to ha pickup can be made negligible by careful
shielding and use of a high-quality multiple-shielded transformer, the
mimbuum detectable signal will be determined by

For the ~oup of apparatus shown in figure
constants apply:

Frimary element (thermocouple)

the detector sensibility.

18(b), the following

-Ti.meconstant, Tl, sec.. . . . . . . . . . . . . . . . . ...1.0

Electric resistance, Rl, ohms . . . . . . . . . . . . . . . . . 1.0

Thermoelectricpower, Q, microvolts/OF . . . . . . . . .’. . . . 22

Compensator (trsnsformer type)

Nominal primary @edsmce (manufacturer’svalue), ohms . . . . 50
Nominal secondary impedance (manufacturer’svalue), olnis. ..100.000
D-c. resistance of primary winding, ~, ohms . . . . . . . . . 6

D-c. resistsmce of secondsxy wind3ng, Rs, ohms . . . . . . . . 7000

Turns ratio, IT. . . . . . . . . . . . . . . . . . . . . . . . 45
Added external primary circuit resistance, ~’, ohms . . . . . 70

Thsconstant, T4j sec... . . . . . . . . . . . . . . . .. 1.0

Detector (d-c. amplifier snd direct-writingrecorder ccmbination)

Input @edance, R5,0hms. . . . . . . . . . .. . . . . . . . 9X106

Sensitivity, S5, milJ-ivolts/mndeflection . . . . . . . . . ., 1.0

Cuk-off frequency, cps . . . . . . . . . . . . . . . . . . . . 90
Sensibility, 55, millivolts (correspon~ to 0.5-

deflection) . . . . . . . . . . . . . . . . . . . . . ...0.5

The circuit reqtied to protide reference-junction compensation
for the thermocouple is shown h figure 18(c) (reference 9). If the
primary element were a temperature-sensitiveresistir, for example
a straight length of wire with current and potential leads, a circuit
such as shown in figure 18(d) could be used. This circuit, based on the
multiple-bridge circuit analysis of reference 10, is designed to use a
O.02-ohm thermometer element (for example, a O.008-in. diameter platinum
wire, 0.25 in. long) to provide the same values of RI and Q as the

thermocouple, and to limit to less than 2 percemt the errors caused by
changes in thermometer-element lead resistmces as high as 1 ohm.

.

a
co
N-1
N

.
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Figure 18(e) indicates the computed frequency response characteris-
tics for operation both at the design point (Tl = T4) and at off-

design points. At the design point, the upper frequency Mmit is
7 cycles per second (~ = 45) and is determinedly the value

T@ = T~(N+l) rather than by the cut-off frequency of the recorder.

The expertientdly determined responses to a step change and to =
input of arbitrary shape are shown in figures 18(f) and 18(g), respec-
tively, for the same ratio~ T~4 as covered in figure 18(e). 5e

analog circuit of figure 17(d) was used to simulate the thermocouple.

Thus, the original l.O-second time constant of the primary element
is reduced by a factor of 46 to a value of approximately 0.02 second.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics

Cleveland, Ohio, January 4, 1952

.- .-——-—-.—. . . . .. .. . -—-— --. ..— _—. ... —. —.. . ...- .— --.-z-—. .—— — .—— —-—
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——
APPENDIX A

SYMBOLS “

The follmdng syabols are used in this report: ‘

attenuation at zero frequency

coefficient of term in l?ourierexpansion of voltage signal
representative of temperature

capacitance

Constsnt

rms value of voltage

wnplitude of voltage sine wave “

instantaneousvalue of voltage

frequency response iqrovement factor

frequency

gain factor

transconductance, output current per unit input emf
o

instantaneousvalue of current

f-l

sel.f-induc~ce

mutual inductance

trsmsformer turns

number of term tn

symbo~c operator

ratio

Fourier exp&sion

~dt

emf per unit temperature change (= thermoelectric
thermocouple)

resistance

power, for a

co
al

n’

——-— ———.—.-. .-—.
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resistance ratio (~R)/R or (RL+R)/~r

s sensitivity, detector deflection per tit input

T

IF~

temperature ,
\

sinusoidal ampMtude of @res6ed temperature variation

sinusoidal amplitude of primary element temperature indication

the

time lag

I

%

I Y(p)

reactance of capacitor

transfer fuuction
a

Y(ja) output-input sinusoidal voltage ratio for a system hving a
transfer function Y(p)

constant in expression for F of transformer-type ccmrpensator

feedback factor ‘

d-c. feedback factor

constants in expression for F

sensibility (minimum detectable

.

of transformer-type compensator

Sigal)

logarithmsbase of natural

phase lag angle

voltage gain

signal-to-noise

time constant

phase lag @e

e

P

a

, T

of @ressed sine wave

ratio

q freqwncy

,

----- . . . . .—. - ------ ——-..—— ------ -— . ... _.._ __ ..—-. .--. —-. .. —.- ———... ..__—--- .
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Subscripts:

a

b

Iv

P

R

s

A

a

o

1

2

3

4

5

34

low-frequency cut-off

high-frequency cut-off

noise

transformer primary

reference temperature

transformer secondary

load

source

temperature being measured

primsry element

transformer preamplifier

smp13fier

conqxnsator

detector

amplifier-compensatorcmihlnation

NACA TN 2703

.

N
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_________ ____ ---- ____ __ ———-—. ..— —---- .-- —- . .. . . . ... . . .
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APPENDIXB

TRANSFER FUNCTION OF TRANSFORMER

The transfer function of a transformer wiXl be derived for those
conditions that are pertinent to its applications as a preampMfier and
as a compensator, as treated in this report. It is then possible to
neglect the hysteresis and eddy current losses and the capacitances that
ordinarily become ~important at higher power levels and higher frequen-
cies. The elements that primarily enter into transformer performance
as pertinent to this report are shown in figure 14(a), which shows a
transformer connected to a souxce resistance Ru s@- a load resist-
ance Rx

The following differential equations hold ‘

el = (R1+~+L1p) il + MPi2 (Bl)

and

o = (RS+~+L2P) i2 + MPil (B2)

The trausfer function Y2(p) of the transformer will be defined as

the ratio of the voltage across the load resistance to the open-circuit
emf of the source. The definition of Y2(p) thus includes the effects

of the potential drops due to current flow through the source and
through the transformer secondary. The follow~ transfer function is
obtained fran the shultaneous solution‘of equations (Bl) and (B2):

.

e2 MI@
Y2(p) = ~ =

(Rs+RA)(R1+~)+ [(RS+R~~+(Rl+~)L~ P+(LlL2-M2)P2

(B5a)

where

.e2= i2RA

Equation (B3a) yiel& the frequency response function

s~~

‘2(‘m) = (RS+RA)(Rl+~)+ju [(Rs+RA)~+(R1+I$)L2] &(~L2-lt2) ‘M)

o

. ..—. . . . . .. . . . . . .. .. .. . .. . . -—-—— -— -- .--—---- ,-- -—---—— ———.— .—.- —-.———- —. __—
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.

It is sufficient for the present analysis to assume
~2 = L1~ and

N2 = L~$. Then equation (B3a) becomes

where

1 -+’+’2R*)~ =R1+I$

I?
V2= Rs Rl+~

l+~A +I?2—
R~

(B3b)

a3

(B5a) R

(B5b)

The value d IY2(jo)I h the re@on of fI-atfrequency response

is ~ and will be termed the “gain” of the transformer.

The regular frequency q, ~ is the point at which lY2(j~)! = @@

and will be termed

If RA >> Rs,

the “low-frequency cut-off” of the trsmsformer.

equation (B5b) %ecmes

.
-P2-

I? (B6)

Thus, if Rx>> ~ j the voltage g~ is approximately equal to N/2 if

~(’~+~) = N2, ad the ~ol&ge @ approaches I? as R~(Rl+~)

beccmes much larger than NZ.

.

#

I
1

___ .—. .. ——— — ——- -----—— —
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APPENDrx c

4.

,-

TRANSFER FUNCTION

When the transformer is

and a load of resistance Rx

clifferential equations hold:

OF TRANSFORMER-TY2?ECCWENSATOR

cannected to a source of resistance RI

as shown in figme 14(b), the follow&

el = Rlil + Rsi2 -t-RAi2 + @i2 - MP~

(C2)

(C3)

From the simultaneous solution of these equatims, the following,trans-
fer function is obtained:\

ez Gm(l+T@
Y%(P) “q=

1+ (T~Fu)P +T3P2
(C4a)

where

(C4d)

(C4e)

(c4f)

-.— ..— —.—-- ------ ., —- ..+. —- .-. .—..—. . ..— .._-. . . . ...-..---—. —y. . ------ ——
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.2=&i5d
R1+R~+RA

L1L2-M2 -

‘3 = ~RAGM

Equation (C4a) can be expressed in,terms of

G= (l+j(DT4)
Y=(jm) =

l+joT~F@3&

It is sufficient for the present analysis to
~2 = L~L1. Then equations (C4a) and (C5) become

1+joT4

%@ “ ’34 m

If the source and load resistances are assumed to

frequency as

NACA TN 2703

-.

(c4g)

(Cti)

(c4i)

(C5)

assume M2 = L1L2 and

(C6a)

(C7)

be zero and infinite,
respectively, the value of T4 is unchanged while the values of G -

and F become

q.1 (C8a)

F34 = N-+ 1 (cm)

The transfer function then becanes

l+T@

Y3.4(P) = T4

.l+—
m-l Q

(c6b)

~ the case of the transformer-tne compensator that uses two pri-
mary elements, as shown in figure 14(c), the trsnsfer function is also
givenby equation (C6a), but there me sMght changes tithe values of
T4, GM, and Fa:

N
CM
m
m

.

—.——.—__ . -— -—- . .-—-- . . .— . _
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/
,’

2
CD
CD

.

r

Lli+l

T-4,,
= ‘1+%+% ‘

In the ideald.zedcase R1 = O ‘and RA=

and (C9C) beccme, respectively,

. . L1+M
T4=—

~+Rp’

and the transfer function remains as given by
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TABLE I - EFFECT OF LOADING ON RC AND RL COMPENSM?ORS

-—- ---- . ... —- ... .. .. .. ____ _____ ._, , .._.__ ______~__—. . .. . . . ______ _______ ,_



40 NACA TN 2703
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TABLE II -~ AM13GITODEOF ~ VARIESTIONTHAT

CAN BE MEMURED BECAUSE OF NOISE LIMITATION AT SIGNAL-

Ekequency
response
improve-
ment factor

F

10

10

10

10

100

100

100

100

1,000

1,000

1,000

1,000

10,000

10,000

TO-NOISE RATIO U4 EQw To 3

Noise

E2J?
(micro-
Volts)

10

10

100

100

10

10

100

100

10

10

. 100

100

10

10

Trans-
former
gain

V2

100

30

100

30

100

30

100

30

100

30

100

30

100

30

si@al
sensi-
bility

Eo,min
(micro-
Volts)

3

10

30

100

30

~100

300

1,000

300

1,000

3,000

10,000

3,000

10,000

TO)* for

chromel-
al.umel
thermo-
couple

(%)

0.1

.5

1

5

1

5

14

45

14

45

140

450

140

’450

.

,.

,_..-— — ———. ———— .———_.——



NACATN 2703 41

.

.

TABLE III - CHARACTERISTICS OF TRANWORMERS USED IN REPRESENTATIVE

. . TRANSFORk-m COMPENSATORS

Compensate type

Nominala primary bnpedance, ohms

Wimary inductance,~, henries

D-c. resistance of
ohms

Nominala secondary

D-c. resisbce of
Obm

Turns ratio, N

hnpedance,

secondary,

Nominalb low-frequency cut-off point,
Cps

ITondnalbhigh-t%equency cut-off, cps

Weight, lb

lTC/A 27

50

1.2

9.5

100,000

3000

I 45

30

20,000

0.5

rTcps 39

50

1.6

5.5

100,000

7000

45

20

20,000

3

manufacturer’s stated value.

manufacturer’s stated value for 2 decibels change in gain.

T
iDC/..327C

1

0.8

0.16

1000

ILO

32

0.2

20

13

( .— . . . . . . . . . . . . . —. . . . . . . . . . . ..- .--. —---- .. —.. — —.—-.--.—— ..-, .-.-— . . ..— —. .——
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(rmgchts) (Otmm)

=tT
I 1

s

-1--
1 10

1

0.1 s
10

11

0.001 s
10

!CABIMIV-EFFWTOF Colmxmm mmmkwrm ccMPmr6Amwlmmwmmnimr~m

(8)w ~/A 27

T# eeo

5,8 3
I

1 I 0.3 0.1

+510.91

+

Ea .73
62 .49

50 0.91

59 . m

86 .49

u 0.66

50 .74

70 .47

+

M 0.70

20 .56

23 .39

8 ,23

a .19

8 .U

%4
nl.ormhoB’

O.ca
.06
.Ix

0.91

.75

.49

8,8
7.4

4.7

70

58

38

230

Do

120

9

T

~34 %4

42 0.95

5S .86

71 .65

47 0.95

51 .=

67 .65

k
S3 0.92

% .64

46 .63

u 0.73

12 .66

X3 .50

40.24

4 .21

5 .I.6

*

43

‘%4 ’54 ’54
dm+wkos (d20.)

O.1o 47 0.98 0.1o

.09 49 .95 .lo

.06 54 .65 .09

0.95 42 0.98 0.98

.26 4$3 .95 .95

.65 46 .65 .65

9.2 21 0.95 9.5

6.4 22 .92 9.2

6.3 23 .62 8.2

73 5 0.75 75

66 5 .75 75

50 6 .65 65

24C 2 0.25 250

210 2 .24 240

MO 2 .21 210 E
440.99
45 .96
47 .93

33 0.99

% .06

55 .95

u 0.97

M .95

lo ,92

2 0,77

2 .75

2 .73

ZmE

3
0.99 22 1.0

.9a 22 .59

.95 22 .96

9.7 4 0,98

9.5 k .96

9.2 4 .65

--l+
77

75

i% .

%34
&wcm!hoe

O.1o
.U1
,lo

l,cnl
,99

,98

9,6

9.6

9.5

8WZ
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●

(b) TYP W@@ S6
---

R~ RI T*, men

(-*) (b)
1A lo 3 1 0.3 0.1

~fl, Ohm.B

I I I . 1
0 2

F% %4 ‘% F% % % %4
(r&rcac9) (d:%)

1 m 0.64 O.cm S2 O.m O.1o M 0.96
In s 72 .E4 .m es .n .07 62 .90

10 lszl .% .a Ice .U .Oi e-i .7E

1 54 O.es O.m 51 o.a9 O.ea 4a 0.95
1’ 3 71 .6s ,05 82 .71 .71 49 .%a

IL m .55 .ss 102 .42 .U 60 .71

1 49 0.78 7..9 4s O.u ‘9.2 ?2 0.00
0.1 s 62 .&l 8.0 54 .66 6.6 54 .m

10 Ilm .321 9.2 I 811.401 4.0 I 371.67
I

1 I 3110.49 I 49 I F% 10.52 I 62 I 1210.68
0.01 5’s .55 w 2a .42 42

: 47 .20 20
UI .s2

55 .a5 & 13 .&

1 21 O.IJI I.@ 17 0.1.1 m 6 0.22
O.c.m 22 .06 m 21 .09 w

: 2a .a 40
7 .ll

m .05 W 7 .@

9, I 69 I 249 I 7?5 I

%4 ~s4 %4 ‘%4 pm %4 %4 FS4 % %4
mlm—.dx.s ) (Ek-dm) (Ammk9) (~ I

O.1o M 0.s9 O.1o 44 1.0 0.1o a 1.0 (

.00 47 .96 .lo 44 .69 , .I.o u 1.0 .IJ3

.07 51 .ea .Ca 4$ .96 .In 40 1.0 .lo

0.95 40 0.98 0.9.9 sl 0.9$ 0.99
.6a

3.60.69 0.69
41 .95 ,96 51 .9L3 ,98 M .E% .s9

.71 4.5 .87 .07 52 .= .95 10 .86 .E@
1 1 I I 1 1 1 1 1

9.n 1910.95 I 9.5 8 in.95 I 9.s SIO.921 9.2

6.7 ]20\ .E%l 8.2 I .91.%31 9.0 I 51.981
iii IXII-:961 9:6 I ‘iI-iii 9:2 I S1-.ezl 9:2

9.2

Ea I 510,59 I m I 210.691 Ea I I I

52 5 .57 57 z .s3 m,
42 5 ,52 b2 z .56 56

220 2 0.I.2 MO
U 2 .12 m
90 I 21 .U1 Uo I I I I I I J
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(C) we AD7/AX ?i270

I I

l--r
o

F34 %4

3
0.1 5s O.@

10 1240. M

10

0.1 55 0.62
1 1 MO .14

In

0.1 6s 0.62
0.+ 2?/0 .14

:

0.1 52 0.61
0.01 1 ‘no .14

10

.0.1 42 0.56
0.00 1 m .15

10

I 0.7

*

“0.62 37 0.6..) 0.00
.14 70 ,47 .47

.08 .06

6.2 37 0.9.I
1.4 70 .47 1:?

3%0 .Oa .0

61 5$ 0.90 90
14 61 .47 47

203 .r!s 8

2.6 I 8,8 I 26 168

‘s4?54

t

Ss .71
70 .21

9 0.87
10 .=
1.2 .X3

%4 TX 53 g= 1=% (lx ~ *54 %4 %4
Uici-cc!ka :mlordx!n} @Kd30B) {miormlmf

O.-1o m 0.90 0.1o 33 O.wa O.1o 33 1.CJ3 O,1o
.07 37 .90 ,00 34 .96 .IJ1 S5 .92 .lo
.02 71 .47 .05 45 .-75 .07 M .% .@

0.96 53 0.99 0.99 32 1.09 1.CX) 50 1.W3 1.W
.72 20 .90 .eJ 3s .96 - .96 30 .%3 .8!3
.21 ea .47 .47 45 .75 .73 34 .W ,W

9.6 ??A0.80 26 1$03 10
7.2 53 .90

I-61.W3 10
::; 27 .96 9,6 16 .s9 9.9

2.1 56 .47 4.7 33 .-i% 7.3 19 .Bo 9.0

96 17 0.08 98 9 0.94 94 3 0.s9 8a
71 u .66 29 9 .%5 as 3 .98 53
21 25 .47 47 lo .72 72 3 ..W &a

070 40.87 670

m 4 .63 Em
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.

. TABLE v - EFFECT OF CONNECTING‘TRANSFORMER-TYPECOMPENSATORWITE

Two PRIWRY IzImnmrsTo PRIMARYImmENT RESE?TANCE RI AND

R~ %
(Iuegolmls)(ohms)

1
10 3

10

1
1 3

10

1
0.1 3

10

1
0.01 3

10

1
0.001 3

10

LOAD RESISTANCE RX

(a) Type UTC/A 27
=s=

74)=c %34 f%%t
5.3 3.0 1.0 0.3 0.1 (micromhos)

‘p‘ ’34 ‘p‘ ’34 %’ ’34 ‘p‘ ’34 ‘p‘ ’34

0 46 6.5 46 54 4!5182 45 550 41
4.5 46 52 45 180 45 548 41 1.0 O*1

45 45 173 45 541 41

o’ 45 6.5 44 54 41 182 34 550 22
4.5 44 52 41 180 34 548 22 1.0 1.0

45 41 173 34 !541 22

0 38 6.5 34 54 22 182 10 550 4
4.5 34 52 22 Iao 10 548 4 0.97 9.7

45 22 173 10 w 4

0 la 6.5 u 54 5 182 2
4.5 12 52 5 IBo 2 0.77 77

45 5 173 2 “

o 7 6.5 5 54 2 ●

4.5 5 52 2 0.25 250
45 2

.

.’

[

_______ . .. --—. .. -—- . .. .. . . ...-. —--— .—. .—-.-+———-._ .. ...- . .. —-- —.. . .—. . —.



TABLE V - EFFECT OF CONiWCTTNG TRAJWFORMES-TYPE COMPENEWUR WITH

Two PRIMARY E!LEMEmsmFRm~ RES191!ANCE R1 AND

LOAD RESIWJNNCE Rx - Continued

. (b) Type m3/La 39

RA R1 74) aec
%4 qh

(Dlwohnls) (ohms) 3-3-.4 I 10 I 3.0 I 1.0 I 0.3 O*1 (mlcromhos)

I
,--- . I I 1 1 1

1%’ IF341%’IF341%’ 1%41%’]%41%’ I%py l~3J I I

.9 1.0 L.o
10 I 14] 441 Ml 40123313117301U3

1 10 4111.01401 231321 731181242\ 817391 3
0.1 3 21 32 71 la 243 8

10 M 32 64 U3 233 8

1 0 26 1.0 25 23 u 73 5 242 2
O*O1 s 21 lz 71 5 240 2

10 14 32 64 5 233 2

1 0 18 1.0 16 23 6 73 2
0.001 3 21 6 71 2

la 14 6 84 2 w
737 3 0.9 9*3

730 3

0.59 59

0. I-2 120

z
0
w
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TABLE v- EFFECT OF CONKE121TTTG TRAISFOFU4ER-TYPE COMPENSATK3R WITH

lwo PRIMARY ELEMENTS TO PRIMARY EZEMEiW RESISTANCE RI ANO

LOU) RESIE711AWE Rx - Concluded

(C) Tyx@ AW/AX 327o

R~ Rl T4, sec

(Im70bm) (ohms) 98 30 10 3.0 1.0 0.3

0.1 0 33 0.88 33 2.5 33 8.4 33 26.i 33 ’98 33

10 1.0 1.6 33 7.5 33 25.4 33 87 53

10 16.4 33 78 33

0.1 0 33 0.88 33 2.5 33 8.4 33 26.3 32 88 30

1 1.0 1.6 33 7*5 33 25.4 32 87 m

10 16.4 32 78 30

0.1 0 33 O*N3 33 2.5 32 8.4 30 26.3 23 88 18

0.1 1.0 . 1.6 32 7.5 30 25.4 23 87 la

10 16.4 23 78 18

0.1 0 32 0.88 xl 2.5 26 8.4 18 26.3 9 88 3

0.01 1.0 1.6 26 7.5 18 25.4 9 ,87 3

lo 16.4 9 78 3

0.1 0 26 0.88 18 2.5 9 8.4 4 26.3 1

O.CKI1 3..0 1.6 9 7.5 4 25.4 1

1.6.4 1

‘-%9=’

F
1.0 0.1

1.0 1.0 .

‘1.0 10

0.99 99

0.89 890

I
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TABLE -VIII-

NACA TN 2703

.

EFFECT OF AM81ENT TEMPERATURE ON D-C. OUTPUT

OF TRANSFORMER-TYPE COMPENSATOR

‘(a)Type UTC/A 27 ~ _

?4 .

R1 3.0 1.0 0.3 0.1

(ohms) Percentage error far 100° F temperature change

0.3 0.2 0.02 0.00 0.00

1.0 .6 .07 ,.01 .00

3.0 1.5 .2 .02 .00

10 3.8 .7 .06 .00

(b) Type UTC/LS 39

T4

RI 10 3.0 1.0 0.3 0.1

:Ohm) Percentage error fw 100° F temperature change

0.3 0.6 0.06 0.00 0.00 0.00

1.0 1.9 .2 .02 .00 .00

3.0 4.6 .6 .06 .01 .00

10 9.3 1.4 .2 .02 .00

(c) Type ADC/AX 3270
T4

RI 30 10 3 I 1 I 0.3

‘ohms) Percentage error for 100° F temperature change

0.3 0.9 0.1 0.01 0.00 0.00

1.0 1.9 .4 .04 ● 00 .00

3.0 2.7 .7 .1 .01 .00

10 3.2 1.2 .2 .04 .00

——.. —.. ..— — .— ——- .- —--. —.. --— . .
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TABLErx - ~ OF CCMPENWT~ SYSTIW OF FIGURE 17(b) FOR VARIOUS CWHTWMOW

OF R, F+, MD c OF mm4mAmR

[The con.ttmt 74,0.1 see) signd-to-nd.se ratio q, ~] ~

)enSltivity

I
%nsfblllty(due Sensibility (due to

to amplifier noiee) detector sensitivity)

10 I 20 10.9/ 4 [ 0.2

5 67 3 13 0.6

1 m 9 40’ 1.8

b. . . . . . .

Rc -1 megohln

C = 0.1 rdd

T

(L) &

36,7a3 47

I.l,ax) / 127

3,5ao ?m

1,1OC 610

330
I

870

Rc-lonh9gmnE

c = 0.01 II&d

m
418,C00 40

l!m,mo 140

34,m3 460

12,000 1.270

3,iCQ sm

Rc = 100 megohms

c = 0.001 mfd

m
-- =------ ----

2,570,CCKI I MS
.417,003 I 4&l

IL9,000

I
1450

34,fMo I 46ca

Tnrcmia-auriza tmrmoc~le,

(n’
P
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52 NACA TN 2703

(a) m histxq of response to step change.

o ( Y11 ( )/311
3(/s) 21f/in

( )/
5si

Em To Tm
3x/a

Time, t

(~) Thehistory of response to sinusoidal variation.

Figure 1. - Response of primary element.
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NACA TN 2703

(c)Frequency-responserelation;amplituderatio.

100

80 71

60 r~

40 T1

20 T1

o

(d)Frequency-responserelation;

Figure 1. - Concluded. Response

phaseand timelag. .

of primaryelement.

- — —.—— -. —.- .. =-... .. . . . .. r___ ......<



R

l+T@
Y4(P) =*~

T4 = RCC

r= I@/R+l ‘

RC type.

Y4(p) =L
l+T@

r 1 + (T4/r)p

T4 = L/RL

r = R/RL + 1

(h) RL type.

o .

%

L1
o

‘2 %
=N

l+T4p
Y=(p) = —

T@

l-+m
T4 = (N+l) L1/~

,

(c) Transformer type.

Figure 2. - Basic compensator networks and theti transfer functions.

.

—— .— _ ___ ———.
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I

1-’

1 I I
qT4 r/T4

(d) VdUS of IY(@)l as function of frequency

for RC and RL compensators. (Log-log scale. )

IT+]

i.o I
I

1.
1;

I I
1/T4 (~+u/T4

-

@W-m frequency,m

(e)Valueof IY(ti)l as functionof frequencyfor
transformer-typecompensator.(Log-logscale.)

Figure Z. - Concluded.. Basic compensator networks

and theti trsnsferfunctions.

. ..- .. . .. . . . _____ . .. . .. ... __ .— ---—- -—-—--— .--- —-...- —._. —._—_ —.. .._. _— _________ . . . .



NACA TN 2703

‘3 = %e2 = ‘3y2el = ‘3y2yle0

(a) Cascaded system.

● e

=2,1 ‘2,1

@ 4* e
el ‘2

o 4I Q

● ●

~2,2 e2,2

● ●

A

e2 = e2,1 + e2,2 = (Y2,1 + Y2,2)q = y2q

(b) Additive system. ‘

(c) RXample of combinedfmiscadedand additive systems.

Figure 3. - !lh.nsf= function composition for linear systems.

—.——. ..- .—. —---- —— ----- .—.——.-. ——-.
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Network

al
03

%

Gas temperature

Primsryelement

Transformer

Amplifier

,

Compensator

Detector

.

r
—.—— .

~
I
I I

‘4---V

R3,3

Q ●

R

-e 4-

TL
‘Q

If

%,a

%,b

P3

~3,a
(D3,b

E2,N

Pert ormance psmmeters

e. = Q(TO - TR)

time constant -

ti per unit temperature change

turns ratio
low-frequency cut-off point

high-freqgmcy cut-off point

smplificatiopfactor

low-frequencycut-offpoint

high-frequencycut-offpoint

equivalentrms inputnoise

time con’stant .

response impromment factor

gain factor

sensibility

sensitivity

Figure4. - Typical block diagramfor definitionof terminology.

. . . .. . ...-. –.— —_____ .-. __ ______ _. . . . . . . ..- . ..-— ___ .. ______ ..—... — -—.—. .__. -
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I I 1111111 r I 11111111 I 111111 1 Tw?T!
I I I 1111111 . ,1 ,c~JJB~:;d)

! I r , r
I 1, ! I I 1Ill I I 1 I 1I i

.

L I I I 1111. aa I I I I 11111 I I I I 11111 I

.0

.00

. l/T4 l/T4 10/T
4

100/T& loq

Angular frequency, in

(a) Frequency-response relation; ampl_itu& ratio.

Figure 5. - Response of primary element with RC or IIL cCmgEmaato!r. FTiJmry element

resistance and c cmpaneator lead admittance aeswned m%M.@ble. T. = T. .

‘T
4

—
*.!.

W3sz
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–i388

.

AwuJ-a frequency, @

(b) Frequency-response rektion; phase kg and t*

Figure 5. - Continued. Response of pm element with RC or RL

w :lement resistance and compensator load admittance assumed

4 1“

“’=s=

M.

compensator. Pri -

negligible.

$!



.4,
I

to 0.3 ‘

o .1T4 .2T4 .3T4 .4T~ .5T4 .674

The, t

(c) Th history of responee to step change.

Figure .5. - concluded. Responee of prhary element with RC or RL ccml-

pensatcm. Prim92y element resistance W compensator load admittace

aesuwl negligible. T4 = Tl. t

m
o

Swz
,
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.

——-. . ———- —
I

T
I

T
● T

I I
__— —” J I L— —..

(a) RC compensator.

——— .-

~

———— —
Ra I R I

T
L.

e3 I
RL

1 d , A

1 1

———— J ~ L_. _.
. =s=

(b) RL compensator.

Figure 6. - RC and ~ compensators
connected to source and load.

‘. . ------ .--. — ------- —. ----- -.-.--—. .—— - -.-.-—— -.— -.— . . . . . . . . . . .. --—- -.-. .—. - —---
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Network

Primary element

Amplifier

,,

Compensator

Detector

-O-Q

● ●

R3,3

-3

>

● ●

Q ●

%

eb .

‘1

Q

IJ3

%,a

%,b

‘2,N

T4

‘4

G4

NACA TN 2703

Performance parameters

time constit ,

emf per unit temperature change

amplification

low-frequency

high--frequency

equivalent rms

Factor

nit-off point

cut-off point

input noise

time constant

response improvement factor

gain factor

sensibility

sensitivity

=s$=
Figure 7. - RC or RL compensating system using amplifier.

.
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.

‘g

F’

(a) I?requency-respxme relation; amplitude ratio.

(b)Frequency-reapmeerelation; phase and time

Ftwre 8. - Respon~e of RC orRL compensating ayetemuslng
high-frequency out-off.

‘4 -Tl”

lag .

amplifierwith

...-— --- —.-— .=. —--- .- —- —...- ----- ..--— .. —- ..-— .--. — --—— .-. ..—..-. .-. —-.—-. ---- . .. ..—-
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I
I

I
I

I

I

I

~0

{“

/,’ iI

/

T4/’F4 2T4@4 3T4b4 474b4 5T4b4 6T,

!l%leJ t

(c) T5me hi.tmry of reap-mm tn step change.

Fiw 8. - concluded. ReBpome of RC or RL ccrqmmating eystem using

-i= tith high-frequency cut-off. T4 = T1.
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I

(a) Frequency-response relation; amplitude ratio.

100

80

60

M
$ 40

E?
20.

:

$ 0

~
-20

~ -40

-60

-80

-1oo

(b) Frequenoy-response relations; phase lag angle.

Figure 9. - Response of RC or FL compensating system uelng amplifier with
low-frequency cut-off. T4 = T1.

,

------ . ..— ... .. .. .—---- . ..— -—.-. . .-. —_____ ----- .. .. .. . ____ .. . . .. .. .. . . . . . .—
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1.%3G4

.8W#4

/
+~ .

8 ‘\.
.6v3G4

/ \ .
# ‘.

\
‘\.

\.41.13G4 =..

‘3, at -P~t/T4

c
1- 0.@@4]

.2IkJld

I
o a@4 4T@4 6T@4 8T@4 loT4/F4

Time, t

(c) Time blstory of response to step change.

1.op3Q4 (74/F4)

.8P3G4 (T~F4) ~
d
>

2.6v.3G4 (T4A74)
1
e

.4L13a4 (T~F4) j
k
o

.2p#14 (T@4) ;
$

0
1 10 100 1000
Ratio of upper frequency limit to low-

frequency cut-off, F4/(T4@3,a]

(d) Maximum value reached and time to reach
maximum value In response to step change.

me 9. - Concluded. Response of RC or KL compensat-
I Ing system using smpllfler tith low-frequencycut-off.

T4 = T~,

——-———— .,-. .— ..—. ... —-
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Network

.

m
m

‘!s

Prhary element

Compensator

Amplifier

Detector

Performance parameters

I I

&
‘3

‘1
Q

T~

F4

G4

V3

%,a

%,b

E2,1V

65

S5

Figure 10. - compensating system with

the, constant ~

emf per unit tempera-hme change

time constant
.

response improvement factor

gain factbr

amplification

low-frequency

high-frequency

equivalent rms

sensibility

sensitivityy

factor

cut-off point

cut -off point

input noise

=s=’
positions of amplifier and

. compensator Intercliinged.

.
. . . . . . .- -——.— —-.-..—. _____ _____ _____ —--- —.--—.—--— .—— . ..— .——... .. ... . . .—. —._
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Network

Primary element

Transformer

Amplifier

Compensator

Detector

-0-

0 0

0

0 0

1
R3 2

e2

‘3q
R3,3

o 0

‘4

‘1

-!

Performanceparameters

time constant

Q emfyer unit temperature change

N turns ratio
~,a 1~-frequency CUt-Off point

@2,b high-frequencycut-off point
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F4 response improvementfactor
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Figure U. - Compensating system using transformer as noise-free
preamplifier.
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F&me 12. - Techniquesfor malntairdngd:c.responsevhen transformer
or a-c.empllfieris used.
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(c) TWO prhary elements.

Figure 14. - llkanaformerand its use as compensator.
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(a) Frequency-responserelation; amplitude ratio.

Figure 15. - Effect of mismatch between primary element and compensatortime
constants;F~Q4 assumed equal to 1.
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Fi~e 15. - Concluded. Effect of mismatch between
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F4G4 assumed equal to 1.
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(a) Block diagram.

Performance parameters

‘1 the constant

Q @ per unit temperature change

N

‘2,a
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E2 ,N
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F4

G4

85

65

.

turns ratio

low-frequency cut-off point

high-frequency cut-off point

smp13fication factor

low-frequency cut-off petit

high-freqwncy cut-off point

equivalent 13DEinput noise

the constant

response improvement factor

gain factor

sensibilityy

sensititi’ty

Figwe 17. - Compensated systqn for measurement of alternat@
component of temperature.
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Figure 17. - continued. Cqensatmi _ far maemmeaen t of alternating caqxmart of t.eqemtme.
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(c) Frequency reep-e relation; amplitude ratio.

Figure 17. - Continued. Ccmpeneated system for measurement of alternating

componsnt of temperature.
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(d) Electrical analog of thermocouple with

adjustable time constant.
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‘1 lw~p

where T1 =
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‘1
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Figure 17. - Continued. Compensated swtem
for measurement of alternating component
of teqerature.
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(e) Bucking circuit to reduce d-c. emf
level.
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(f) Capacitance coupling circuit to
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Figure 17.

urement

block d-c. Si~l.

)

T
1
z

must be small comp=ed with Rh.

- Concluded. Compensated system for meas-
of alternating component of temperature.
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response improvement factor

gati factor
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(a) Block diagram..
,

Figure X3. - Compensated system for measurement of average value
as well as alternating component of temperature.
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Figme 18. - Cent inued. Ccmpenaated syst- for mesa ureraent of average value

as Well as alternating cqponent of temperature.
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Figure J.6.- Continued. Compensatedsysta for messmement of
averagevalue as well as alternatingcomponentoftemperature.
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(f) Time history of reOponse to step ohange. ~

Figure 18. - Continued. Compensatedsystem for measurementof average value as well
as alternating componentof temperature.
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- Conaluded. Compensated system for measuremehtiof average value as well
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